In humans, most short-chain fatty acids (acetate, propionate, and butyrate) produced by colonic bacteria are fermentation products of the dietary carbohydrates that escaped digestion in the small intestine (I). Short-chain fatty acids are the principal anions in the colon and are important in water and electrolyte transport and in maintenance of the colonic milieu (2-3). Direct and indirect evidence indicates that short-chain fatty acids play an important role in the nutrition of the cells lining the large bowel of humans (4) (5) (6) .
Acetate is the major short-chain fatty acid in fecal water of humans and animals and can be absorbed by the colon (7, 8) . It can be found in the visceral-drained portal blood (intestines and spleen), and it enters the systemic circulation in measurable quantities in humans (9) . In ruminants, acetate derived from the fermentation of carbohydrates provides a major source of energy 3 (10, 11) . In nonruminants, although less is known about the systemic utilization of acetate, it is considered a potentially significant energy source (12, 13) . Estimates indicate that up to 10% of the postabsorptive energy expenditure in humans could be derived from plasma acetate ( 14) .
Acetate uptake and metabolism have been studied in a variety of animal species. The choice of species is important because not all monogastric species have the same capacity for fermentation; for example, dogs have high concentrations of short-chain fatty acids but low absolute quantities in contrast with humans and pigs, which have high concentrations and high quantities in the cecum and, therefore, high capacities for fermentation (15, 16) . Because the development and function of the colon are similar in pigs and humans, we have studied the fate of acetate infused into the colon in infant pigs (17) (18) (19) . The fecal flora of the infant pig, however, differs from that of the human infant, and because this difference might affect polysaccharide fermentation, we purposely avoided the infusion of polysaccharides and instead infused acetate, the most abundant of the short-chain fatty acids produced.
Circulating acetate can arise from both P-oxidation of tissue fatty acids and colonic fermentation of unabsorbed carbohydrate. In the present studies, we simultaneously infused piglets with ['Hlacetate and [I4C]acetate: ['HIAcetate was administered i.v. to label the circulating pool, whereas [I4C]acetate was infused into the colon to label colon-derived acetate. The objectives of the experiment were to measure the baseline entry rate of acetate when the animal was in the postabsorptive state, to examine acetate concentration and specific radioactivity at different points in the circulation to identify potential sites of acetate utilization and synthesis, and to examine the eficiency with which colonic acetate is absorbed and utilized. Our findings suggested that baseline fermentation was maintained after an ovcrnight fast, identified the gastrointestinal tract as an important site of acetate utilization in the fasted state, and showed that colonic acetate was efficiently absorbed and utilized by the infant pig.
MATERIALS AND METHODS
We studied six newborn contemporary Buckshire piglets, aged 2 to 6 d; they were in good health and consuming amounts of feed appropriate for their age. All were delivered at term, and their wt ranged from 1 .O to 2.3 kg, mean f SEM 1.8 f 0.3 kg. They were permitted to suckle for 6 to 8 h, then weaned to a liquid sow-milk replacer (Soweena, Merrick's, Union Center, WI). The protocol was approved by the Baylor College of Medicine Animal Care Committee and care of the animals conformed to National Institutes of Health guidelines.
The pigs were fasted 8 to 12 h overnight, then sedated with an intramuscular injection of ketamine (10 mg/kg) and acepromazine (Aveco Co. Inc., Fort Dodge, IA) (0.1 mg/kg). Their tracheas were intubated, and the animals were anesthetized by administering isoflurane with a pediatric ventilator. acetate; the specific radioactivity in femoral arterial blood rose experiments were performed using plasma with a more slowly (Fig. 3) . A trend analysis revealed that these patterns measured acetate concentration of 73.2 rmol/L. The plasma was were significantly different from each other ( p < 0.05). By the then spiked with acetate standards in amounts of 3 1.25, 62.5, end of the infusion, specific radioactivity was the same in artery artery to a value below the preinfusion value. The ['Hlacetate dpm/min)/(arterial SR dpm/pmol)] specific radioactivity at 60 min was significantly lower than the Results were normalized to kg of body weight. The extraction 15-min value in both the femoral artery ( p = 0.03) and ~o r t a l coefficient of the portal-drained viscera (intestines, pancreas, and ( p = 0.038). spleen) was calculated from [3H]acetate data using the following Our most unexpected finding was the substantial difference in equation:
the specific radioactivity of [3H]acetate between the portal vein and the femoral artery at the end of the colonic infusion. Al-
100 ( 2 ) though the portal vein acetate concentration at the end of the where art is the femoral artery and pv is the portal vein. intracolonic infusion was 64% higher than in the fasted state, Data analysis. The acetate values obtained from each sampling the portal vein specific radioactivity was 86% lower. Thus, the site were compared with each other at the different sampling utilization of acetate by the portal-drained viscera in the fasted times by paired test. All results are expressed as means and state persisted throughout the intracecal infusion of acetate SEM. Groups were with respect to change over time (Table 2) ; as increasing amounts of acetate were infused into the by fitting second-degree polynomials to the sequence of data colon and entered the circulation, increasing amounts of acetate points for femoral artery and/or portal vein from each subject. were utilized by the viscera. ~h~ coefficients from these regressions, which summarize the The uptake of acetate into the colon increased the entry rate time trend for each individual, were then used to compare artery at 120 min to 28 + 8.7 pmol. kg-'. min-' (1.68 mmol. kg-'. h-I), with vein by application of a paired t test. a value that was not statistically different from the rate of infusion of approximately I mmol. kg-'. h-' (Table 2) ; an increment in the entry rate of approximately 60% of the infusion rate. The pmol/L in portal venous blood, a gradient that implies one of two possibilities: I ) the liver neither utilizes nor releases acetate and the gradient is a result of dilution by venous blood draining a variety of tissues with low acetate concentration, or 2) acetate is utilized in the fasting state by both the liver and peripheral tissues.
Before the cecal infusion of acetate was begun, total radioactivity (['Hlacetate specific radioactivity x acetate concentration) was lower in the portal vein than in the femoral artery, which suggests that the portal-drained viscera utilized some of the acetate (Table I) . Acetate Injitsion into Colon. During the acetate infusion into the colon, blood acetate levels increased, with a substantial rise in the mean femoral artery concentration to a maximum of 186 + 20 pmol/L (Fig. 1, Table 1 ). A much higher rise in mean acetate concentration was observed in the portal vein, up to A considerable amount of fermentation occurs in the human colon (I, 9). Short-chain fatty acids are the principal anions in feces, and acetate, the major short-chain fatty acid, can be absorbed by the colon (7, 8) .
The capacity of human newborns to digest lactose in the small intestine is limited, and only 30-60% of the lactose they ingest may reach the colon where it can be fermented into short-chain fatty acids (2 1-24). Therefore, even though an infant consumes no fiber as such, a considerable amount of carbohydrate fermentation occurs. We postulated that acetate absorbed in the colon could be an important secondary nutrient source for infants, particularly preterm infants (23, 24) and those with malabsorption or chronic diarrhea (25) . This hypothesis has been supported in studies of Kien ef al. (24) who estimated that the mean entry rate of acetic acid in premature infants is 63.7 pmol. kg-'. min-'. We also have observed substantial increases in serum acetate 
200-
9, 29). The lower acetate blood levels that we report are presum- portal vein increased quickly, followed more slowly by the specific radioactivity in the femoral artery. By the end of the infusion, the specific radioactivity in artery and vein were the same, and both were equal to the specific radioactivity of the acetate infused into the cecum.
t Femoral artery ably a result of the younger age of the animals we studied (1 to -o-Portal vein 6 d) and possibly reflect the low fat stores (and hence fatty acid utilization) of the infant pig (19) . in addition to a lower contribution of acetate by the colon (26, 27) . It is possible, however, that our experimental design produced artifacts based on the potential antilipolytic effects of the anesthetics used during the perfusion.
Despite the lower absolute values observed in our study, a levels in infants with malnutrition in whom glucose had been infused into the cecum (8) .
Because the development and function of the colon are similar in pigs and humans (17) (18) (19) 26, 27) , we examined acetate metabolism in infant pigs, specifically the absorptive efficiency of colonic acetate. In most studies of acetate utilization, however, the colon is cleansed of fecal material before the infusion. To approximate a normal colonic environment, we chose not to cleanse the colon. Our choice, however, may have complicated the kinetic interpretation ofthe data, because some ofthe infusate may have been absorbed by the feces initially and only later released into the lumen. Although the basal serum acetate concentrations in the neonatal pigs were lower than acetate concentrations reported previously in older animals (28), they were within quantifiable levels. The difference in concentration apparently did not reflect a methodologic difference because our determinations of acetate concentrations in peripheral blood of adult humans, both fasting and after ingesting acetate, were similar to values in the literature (fasting 53.8 + 4.4 ~m o l / L ) ( I , Fecal short-chain fatty acid concentrations are lower in young infants than in older children or adults, despite the relatively large amounts of lactose that arrive in the colon of young infants, particularly those born prematurely (22, 23, 3 1).
As expected, [14C]acetate infused into the colon appeared in the portal vein and entered the systemic circulation. At the end of the experiment when we found that [14C]acetate specific radioactivity was similar to specific activity in the femoral vein, we concluded that virtually all circulating acetate was derived from the colon and virtually all acetate administered had been absorbed. The use of i.v. infused ['Hlacetate provided a separate measure of acetate entry rate and enabled a comparison with the rate of colonically infused tracee acetate. A steady state, however, was achieved only toward the end of the experimental period. The delay in achieving a steady state could have resulted from uneven absorption of acetate by the bowel. In addition, because the bowel was not cleansed of fecal material before the infusion, acetate may have been first absorbed by the fecal material, which would have delayed absorption by the bowel itself. Acetate was not produced by peripheral tissues during our study, as evidenced by the plateau in femoral artery specific radioactivity (Fig. 3) .
Few data exist regarding the amount of acetate available from colonic fermentation in nonruminants. Cummings and Branch (32) extrapolated data about ruminants and estimated that adult humans eating a typical British diet daily consume 20 g of substrate available for colonic fermentation; from that amount, 200 mmol are produced and 7 to 20 mmol are excreted in the feces. In our study, the acetate was infused at a normal molality, and the total dose was approximately the same amount of acetate produced by 2% of the carbohydrate ingested at one feeding by a formula-fed infant during the first month of life (I 30 mL). We observed no perturbations of blood gases or serum electrolytes and no apparent plateau in uptake or utilization of acetate.
Our studies also demonstrated that when acetate was infused into the colon and before blood levels rose significantly, endogenous production of acetate declined. That decline could have indicated the existence of a sensitive balance between the colonic uptake and the endogenous production of acetate.
Although the sources of acetate in the postabsorptive state are FREEMA not identifiable in this study, hepatic production seems likely, and hepatic acetate production is sensitive to circulating acetate concentration. Others have observed in adult rats that 200 ccmol/ L of acetate in blood appears to be the threshold: When the acetate concentration in portal blood falls below that level, the liver produces acetate (12) . However, our results imply that the threshold concentration in neonatal pigs may be lower. Although the phenomenon varied considerably from animal to animal as acetate concentration rose in the portal vein, the entry rate also rose to as much as 6-fold above bascline. The concentration of acetate was higher in the portal vein than in the femoral artery; therefore, the liver (and perhaps lung, heart, or both) must have consumed a significant amount of acetate. Although we have not quantified the hepatic extraction of acetate, Bleiberg el al. (30) have suggested that hepatic extraction of acetate does occur in dogs. Acetate metabolism by the liver is variable, species-specific, and depends on numerous factors; for example, acetate uptake is low in the ruminant liver but is believed to be much greater in humans, perhaps because the human liver is capable of lipogenesis (12, 32) . In rats and pigs, acetate is taken up by the liver in proportion to the acetate concentration in the portal vein (12, 28, 33) .
At the end ofthe intracolonic infusion, the entry rate of acetate into the peripheral circulation was 1.68 mmol. kg-'. h-', a value that was not statistically different from the rate of infusion (approximately 1 mmol . kg-'. h-I). Again, this discrepancy can be explained in several ways. We observed a relatively large interindividual variability between animals that could have been the result of uneven absorption of acetate by the bowel because of early absorption and delayed release of acetate by the fecal material in the bowel (which varied greatly between animals). The variability also may have resulted from an uneven flow of acetate caused by the low infusion rate and the compliance of the colon.
Some investigators have reported that 50% of the intraluminal colonic acetate in pigs is directly metabolized by the epithelium, whereas a lesser proportion is metabolized by the gut from circulating acetate (28) . In contrast, we have shown that a large proportion of the infused acetate was taken up into the systemic circulation and was accompanied by a significant consumption of arterial acetate by the portal-drained viscera. This circumstance has been also reported in ruminants, in which 25-35% of arterial acetate is removed as it passes through the gut (12).
Bleiberg et al. (30) recently demonstrated substantial clearance of arterial acetate by the gut in dogs, in which the values for extraction were similar to those for the pigs in our study. After acetate had been infused into the colon, we calculated the amount that reached the peripheral circulation from the ratio of I4C:'H in the femoral artery. The rate of [I4C]acetate infusion into the colon was twice that of the ['Hlacetate infusion into the femoral vein; thus, one would expect a 2: 1 ratio of I4C:'H if all acetate infused into the colon reached the peripheral circulation. However, the mean ratio was 1.39 (&0.4), which suggests that a mean of 71% (+21%) of the acetate infused into the colon bypassed the liver and entered the peripheral circulation.
In summary, the neonatal pig demonstrates both efficient uptake ofacetate from the colonic lumen and systemic utilization of that acetate. The presence of exogenous acetate appears to regulate the production of endogenous acetate via a mechanism more complex than the simple relationship between circulating acetate concentrations. If these findings are also true in humans. the acetate that results from colonic carbohydrate fermentation may provide a significant source of energy for the human infant.
